Abstract: Debris flows that involve loess material produce important damage around the world. However, the kinematics of such processes are poorly understood. To better understand these kinematics, we used a flume to measure the kinematics of debris flows with different mixture densities and weights. We used sensors to measure pore fluid pressure and total normal stress. We measured flow patterns, velocities, and depths using a high-speed camera and laser range finder to identify the temporal evolution of the flow behavior and the corresponding peaks. We constructed fitting functions for the relationships between the maximum values of the experimental parameters. The hydrographs of the debris flows could be divided into four phases: increase to a first minor peak, a subsequent smooth increase to a second peak, fluctuation until a third major peak, and a final continuous decrease. The flow depth, velocity, total normal stress, and pore fluid pressure were strongly related to the mixture density and total mixture weight. We defined the corresponding relationships between the flow parameters and mixture kinematics. Linear and exponential relationships described the maximum flow depth and the mixture weight and density, respectively. The flow velocity was linearly related to the weight and density. The pore fluid pressure and total normal stress were linearly related to the weight, but logarithmically related to the density. The regression goodness of fit for all functions was >0.93. Therefore, these functions are accurate and could be used to predict the consequences of loess debris flows. Our results provide an improved understanding of the effects of mixture density and weight on the kinematics of debris flows in loess areas, and can help landscape managers prevent and design improved engineering solutions.
Introduction
Debris flows are common in mountainous areas [1] [2] [3] [4] [5] . They occur when masses of sediment on a slope become saturated with water and are then agitated (e.g., by heavy runoff or an earthquake), causing them to rush down the slope under the influence of gravity [6] [7] [8] . Debris flows can denude soil and rock, and are deposited in floodplains and alluvial fans at the base of the slope, where people and infrastructure are often concentrated [9] [10] [11] [12] . Recently, with the ongoing increase in land exploitation required to support growing populations and an increasing frequency of extreme precipitation events due to global warming, debris flow disasters have become increasingly frequent in many unique characteristics of this loess, few studies have been performed to describe the kinematics of the debris flows that occur in this region [62] . Thus, research on debris flows in the Loess Plateau is still in an elementary stage [62] [63] [64] .
The main goal of this study was to improve our understanding of the kinematics of debris flows by analyzing data from flume experiments performed with Chinese loess material. We hypothesized that the key parameters that describe loess debris flows (flow depth, flow velocity, total normal pressure, and pore fluid pressure) would show strong and statistically significant relationships to the weight and density of each debris flow mixture. First, we describe the experimental flume, sample preparation, and the measurement techniques. Next, we used the abovementioned experimental parameters to evaluate the flow kinematics of the experimental debris flows. Finally, we discuss the relationships between the experimental results and experimental factors and develop equations to simulate the results of our flume studies so that the equations can be applied to natural debris flows. The results of our research improve understanding of the effects of sediment density and weight on the movement and deposition of debris flows in China's loess area, and provide parameter values that can improve engineering design to prevent or mitigate debris flows.
Experimental Materials and Sample Preparation
To understand the kinematics of debris flows, the dynamic conditions used in data collection should be carefully controlled during the experiment. In this section, we describe our use of the similarity principle (i.e., ensuring that our laboratory-scale system behaves similarly to the real-world system being modeled) to ensure that the parameter values are realistic. We then describe the experimental apparatus and sample preparation used to control the experimental conditions.
Similarity Principle
Dimensional analysis is an important way to understand the physical links and relationships among the factors involved in a natural phenomenon or an engineering problem [58, 65] . Dimensional analysis can clearly reveal the relationships between experimental results and experimental factors [7, 58, 66] . In the flume tests that we used in the present study, we accounted for the following experimental factors that describe the distribution of the flow density: the spatial coordinates (x, y), where x and y represent the distances parallel to the flume and perpendicular to the flow direction, respectively; volume of the debris flow (V 0 ); characteristic depth of the fluid (h); characteristic diameter of the particles (d); channel length (L); channel width (W); slope angle (α); fluid density (ρ f ); density of solid material (ρ s ); dynamic viscosity coefficient (µ); gravitational acceleration (g); elastic modulus of grain (E s ); coefficient of friction (c); initial flow velocity (v 0 ). The distribution of the flow velocity can be expressed as follows:
We selected ρ f , v 0 , and L as a unit system:
It is necessary to define some additional functions that describe the flow kinematics [58, 67] :
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where R e is the Reynolds number, which represents the ratio of inertial forces to viscosity; F r is the Froude number, which represents the ratio of inertial forces to gravitational forces; and ε represents the ratio of the fluid depth to channel length. The dimensionless function format of flow velocity can then be obtained by using similarity theory:
These two equations represent the similarity equations for the flow field for a two-phase debris flow (here, sediment and water) that is driven by gravity. In the model and in practice, it is necessary to satisfy the dimensionless is equal.
In addition, R e and F r appear in the distribution function for the dynamic characteristics, and must be equal in the model being developed and the actual process it represents. To achieve this goal, it's necessary to build a model of the study system that has the same scale as the system, and this is unrealistic in practice [58] . To achieve accurate experimental results, similarity methods are used [58] . To meet this goal for the geometric similarity and kinematic similarity, R e and F r are often used [25, 58] . Because the gravitational force is one of the most important driving forces in flume experiments [58] , we adopted F r as the research object.
Geometric Similarity
We used the following equation to achieve geometric similarity:
where γ l is the length ratio, l a is the length of the actual, and l f is the length of the flume.
Material Similarity
We used the following equation to achieve material similarity:
where (
is the ratio of the density of the solid material to the fluid density for the model, (
the ratio of the density of the solid material to the fluid density for the actual. We changed the fluid density during the flume experiment to measure the consequences.
Velocity Similarity
We used the following equation to achieve similarity for the flow velocity:
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Therefore, we can achieve velocity similarity:
In addition,
Hence, we can also obtain the V 0 similarity ratio.
Experimental Apparatus
The experimental flume apparatus consists of three components ( Figure 1 ). The first is a hopper that was 1.2 m wide at the top with a side length of 0.2 m. The bottom of the hopper is a square hole equipped with a gate composed of a steel plate, which was installed so that it could be pulled away rapidly to ensure that all of the material rushed downward simultaneously. The second component is a rectangular flume with an inclination of 15 • from the horizontal that is 0.4 m wide, 0.5 m deep, and 5 m long. The sides of the flume are made of smooth 10-mm-thick glass, and the bottom is a steel plate, while relatively coarse red bricks were placed along the flume bottom to resemble a natural channel. This section of the apparatus is monitored by three total normal stress sensors (FBG Load Cell, Surrey, UK) installed in the flume at upstream (S1), midstream (S2), and downstream (S3) positions to monitor the total normal stress during the debris flow. Three pore fluid-pressure sensors (FBG Load Cell, Surrey, UK) are installed at the same positions, and were labeled P1, P2, and P3, respectively. In addition, a laser range finder (LDM 41A, Rostock, Germany) was used to record the debris flow depths in the middle part of the channel at 30 cm downstream from monitoring point S2. All these sensors were connected to a datalogger, and their outputs were recorded at a frequency of 5 Hz. The third component of the apparatus is the accumulation section, which was a horizontal plate 3 m long and 2 m wide. A 20 cm × 20 cm square grid was drawn on the plate, and two digital cameras (one positioned to record motion in the flume and the other positioned to record motion on the accumulation section) were used to record videos of the experiments. These videos were used to determine the mean debris flow frontal velocity, which was calculated as follows:
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where V (m/s) is the debris flow velocity, Δl (m) is the length of the flume, and Δt is the elapsed time (s). 
Sample Preparation
The soil materials were obtained from the Dasha Gully, Lanzhou City (103°49′ E, 36°03′ N), Gansu Province, China. To ensure that all particles could flow smoothly out of the hopper and through the flume, where the sensors were installed, we passed the samples through a 20 mm × 20 
where V (m/s) is the debris flow velocity, ∆ l (m) is the length of the flume, and ∆ t is the elapsed time (s).
The soil materials were obtained from the Dasha Gully, Lanzhou City (103 • 49 E, 36 • 03 N), Gansu Province, China. To ensure that all particles could flow smoothly out of the hopper and through the flume, where the sensors were installed, we passed the samples through a 20 mm × 20 mm steel mesh to exclude particles with diameters exceeding 20 mm. The grain size distribution of the experimental sample was measured at the Key Laboratory of Western China's Environmental Systems at Lanzhou University, using a Mastersizer 2000 (Malvern Instruments, Malvern, UK) laser diffractometer ( Figure 2 ). The clay, silt, fine sand, medium sand, and coarse sand [68] contents were 1.0%, 9.1%, 22.2%, 47.1%, and 20.6%, respectively. The median diameter (d 5 ) was 0.36 mm. Prior to conducting the experiment, the mixtures were prepared according to the required densities (including 1500 kg/m 3 , 1650 kg/m 3 , 1800 kg/m 3 , 1900 kg/m 3 , 2050 kg/m 3 , 2100 kg/m 3 , and 2300 kg/m 3 ) and total weights (including 200 kg, 300 kg, 400 kg, and 500 kg). Systems at Lanzhou University, using a Mastersizer 2000 (Malvern Instruments, Malvern, UK) laser diffractometer ( Figure 2 ). The clay, silt, fine sand, medium sand, and coarse sand [68] contents were 1.0%, 9.1%, 22.2%, 47.1%, and 20.6%, respectively. The median diameter (d5) was 0.36 mm. Prior to conducting the experiment, the mixtures were prepared according to the required densities (including 1500 kg/m 3 , 1650 kg/m 3 , 1800 kg/m 3 , 1900 kg/m 3 , 2050 kg/m 3 , 2100 kg/m 3 , and 2300 kg/m 3 ) and total weights (including 200 kg, 300 kg, 400 kg, and 500 kg). We performed 28 experiments with different combinations of density and weight. To confirm that the equipment worked well and to improve the accuracy of the acquired data, we rinsed the apparatus with clean water to remove any remaining sediments before the start of each experiment. We then prepared the mixture and placed it in the hopper. Next, we checked the monitoring equipment to ensure that it was operating properly, and then began the experiment. After each test, we cleaned the experimental area again and analyzed the experimental data to confirm that there were no problems. Figure 3 shows the typical flow patterns in two representative experiments. Once the gate of the hopper was opened, the surface of the debris flow fluctuated considerably at the inlet section of the channel, but remained relatively stable throughout the flume. At the outlet, the cross-sectional area of the debris flow fluctuated, because the flow moved quickly into the accumulation plate. The We performed 28 experiments with different combinations of density and weight. To confirm that the equipment worked well and to improve the accuracy of the acquired data, we rinsed the apparatus with clean water to remove any remaining sediments before the start of each experiment. We then prepared the mixture and placed it in the hopper. Next, we checked the monitoring equipment to ensure that it was operating properly, and then began the experiment. After each test, we cleaned the experimental area again and analyzed the experimental data to confirm that there were no problems. Figure 3 shows the typical flow patterns in two representative experiments. Once the gate of the hopper was opened, the surface of the debris flow fluctuated considerably at the inlet section of the channel, but remained relatively stable throughout the flume. At the outlet, the cross-sectional area of the debris flow fluctuated, because the flow moved quickly into the accumulation plate. The samples with a lower density flowed faster than the samples with higher densities (Figure 3 ). The flow depth, total normal stress, and pore fluid pressure were measured during each test, and showed that the hydrograph could be divided into four phases ( Figure 4 ). These resemble the phases described in previous papers [6, 68, 72] , and agree with the results of field observations [50, 73, 74] . The first phase represented increasing flow that rapidly reached a first peak as the mixture rushed into the flume, and the discharge quickly increased. The second phase represented fluctuation, but with an overall smooth increase until a second peak that represented the maximum flow, with the pattern affected by the intermittent debris flow and its discharge rate and weight [23] . During the third phase, the flow decreased initially and then rose to a third peak as the debris flow became longer and thinner. The final stage represents a steady decrease until the debris stopped flowing. The flow depth, total normal stress, and pore fluid pressure were measured during each test, and showed that the hydrograph could be divided into four phases ( Figure 4 ). These resemble the phases described in previous papers [6, 68, 72] , and agree with the results of field observations [50, 73, 74] . The first phase represented increasing flow that rapidly reached a first peak as the mixture rushed into the flume, and the discharge quickly increased. The second phase represented fluctuation, but with an overall smooth increase until a second peak that represented the maximum flow, with the pattern affected by the intermittent debris flow and its discharge rate and weight [23] . During the third phase, 
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General Flow Patterns
Flow Depth
The flow depth was strongly correlated with the mixture density and the total weight for all combinations of these parameters, and the flow depths increased with increasing density ( Figure 5 ). The inertial force was greater than the gravitational force for the low-density mixtures, so the depth remained relatively small; however, the viscosity force increased with increasing density, so the depth gradually increased [58] . In addition, the maximum flow depth increased with increasing density for a given flow weight, indicating a strong relationship between the density and flow depth. The maximum flow depth increased to as much as 2 times the minimum depth as the density increased from 1.5 g/cm 3 to 2.3 g/cm 3 . The flow depths increased to approximately 1.3 times and 1.5 times the minimum depth when the density increased from 1.5 g/cm 3 to 1.8 g/cm 3 and from 1.8 to 2.3 g/cm 3 , respectively.
For a given mixture density, the flow depth changed greatly when the weight ranged from 500 kg to 200 kg, especially at high density, which indicates that the peak discharge is influenced by the weight (thus, the volume) of the flow (Figure 5b ). As the weight of the mixture decreased over time, the inertial force also decreased and the flow depth decreased [67] . 
For a given mixture density, the flow depth changed greatly when the weight ranged from 500 kg to 200 kg, especially at high density, which indicates that the peak discharge is influenced by the weight (thus, the volume) of the flow (Figure 5b ). As the weight of the mixture decreased over time, the inertial force also decreased and the flow depth decreased [67] .
Water 2018, 10, x FOR PEER REVIEW 9 of 21
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Flow Velocity
We found that the mean frontal flow velocity was strongly correlated with the mixture density and the total weight ( Figure 6 ). The velocity gradually decreased with increasing density for a given mixture weight and with decreasing mixture weight for a given density. The flow velocity decreased below about 1.8 m/s as the mixture density increased from 1.5 g/cm 3 to 2.3 g/cm 3 . The flow velocity also decreased by approximately 1.2 times and 1.5 times as the density increased from 1.5 g/cm 3 to 1.8 g/cm 3 and from 1.8 g/cm 3 to 2.3 g/cm 3 , respectively. This indicated that low-density debris flow fastest, and that the high-density debris flowed slowly. When the mixture weight decreased from 500 kg to 400 kg, the flow velocity decreased by about 8%. Because of the inertial force increased with increasing mixture weight, it gradually increased for a given mixture density [67] . Our results therefore confirm the results of previous studies, which reported that debris flow density and mixture weight both strongly affected the debris flow velocity [5, 38, 72] . Combined with the flow depth analysis, these results let us calculate the impact force of the flowing debris. Figure 5 . Effect on flow depth of (a1,a2) mixture density (γ) for two representative weights and (b1,b2) total mixture weight (w) for two representative densities.
We found that the mean frontal flow velocity was strongly correlated with the mixture density and the total weight ( Figure 6 ). The velocity gradually decreased with increasing density for a given mixture weight and with decreasing mixture weight for a given density. The flow velocity decreased below about 1.8 m/s as the mixture density increased from 1.5 g/cm 3 to 2.3 g/cm 3 . The flow velocity also decreased by approximately 1.2 times and 1.5 times as the density increased from 1.5 g/cm 3 to 1.8 g/cm 3 and from 1.8 g/cm 3 to 2.3 g/cm 3 , respectively. This indicated that low-density debris flow fastest, and that the high-density debris flowed slowly. When the mixture weight decreased from 500 kg to 400 kg, the flow velocity decreased by about 8%. Because of the inertial force increased with increasing mixture weight, it gradually increased for a given mixture density [67] . Our results therefore confirm the results of previous studies, which reported that debris flow density and mixture weight both strongly affected the debris flow velocity [5, 38, 72] . Combined with the flow depth analysis, these results let us calculate the impact force of the flowing debris. 
Stress and Pressure Measurements
Total Normal Stress
The temporal evolution of the total normal stress at the base of the debris flow was similar at the three monitoring points that we used to compare the effects of different mixture densities and weights ( Figure 7) . The maximum total normal stress values were observed at position S3 when the density was larger mixtures. However, the maximum stress mainly occurred at position S2 when the density was 1.8 or 1.9 g/cm 3 , and at position S1 when the density was low (i.e., 1.5 or 1.65 g/cm 3 ). These results illustrate that the maximum values moved upstream as the mixture density decreased (Figure 7a ). For a given density and monitoring point, the peak total normal stress increased with increasing weight, and the peak position gradually occurred later (Figure 7b ). The magnitude of this change increased as the weight of the mixture increased from 200 kg to 500 kg. An especially large difference in the stress was observed when the weight increased from 300 kg to 400 kg.
These results indicate that the normal stress was influenced by the mixture weight. The peak occurred farther upstream when the mixture density decreased at a given measuring point for a given weight. During the experiments, the total normal stress increased most when the density increased from 1.65 g/cm 3 to 1.8 g/cm 3 . Therefore, there were obvious changes in the total normal stress as the mixture density increased (Figure 7c ). The changes with respect to density result from the increasing proportion of the weight accounted for by water as the mixture density decreased, since the water decreased the resistance to flow, resulting in a faster flow velocity and reduced total normal stress [75] . However, the results differed for the high-density debris flow; although the weight of the mixture (thus, the gravitational force) was higher due to the higher content of particles, the resistance to flow also increased due to the decreased water content. 
Stress and Pressure Measurements
Total Normal Stress
These results indicate that the normal stress was influenced by the mixture weight. The peak occurred farther upstream when the mixture density decreased at a given measuring point for a given weight. During the experiments, the total normal stress increased most when the density increased from 1.65 g/cm 3 to 1.8 g/cm 3 . Therefore, there were obvious changes in the total normal stress as the mixture density increased (Figure 7c ). The changes with respect to density result from the increasing proportion of the weight accounted for by water as the mixture density decreased, since the water decreased the resistance to flow, resulting in a faster flow velocity and reduced total normal stress [75] . However, the results differed for the high-density debris flow; although the weight of the mixture (thus, the gravitational force) was higher due to the higher content of particles, the resistance to flow also increased due to the decreased water content. Effect of mixture density (γ) and total weight (w) on the total normal stress at monitoring points S1 to S3 in Figure 1 : (a1, a2) hydrographs for mixtures with constant weight and density at the three monitoring points (whose positions are shown in Figure 1 ); (b1, b2) hydrographs for mixtures with different weights but constant density at the three monitoring points; and (c1, c2) hydrographs for mixtures with different densities but constant weight at the three monitoring points.
At a given mixture weight, the total normal stress gradually increased with increasing density at all three monitoring positions. To better ascertain the maximum peaks under different combinations of mixture density and weight, we calculated the average value for the three monitoring points. The peak total normal stress increased to between 2.5 and 2.8 times the initial value as the mixture density increased from 1.5 g/cm 3 to 2.3 g/cm 3 . The stress also increased to between 1.5 and 3 times the initial value when the density increased from 1.5 g/cm 3 to 1.8 g/cm 3 , versus approximately 1.8 times as the density increased from 1.8 g/cm 3 to 2.3 g/cm 3 . Thus, the total normal stress was strongly influenced by the mixture density. In addition, as the mixture weight increased from 200 kg to 500 kg at a given density, the stress increased to approximately 6 times the initial value. However, the change was largest when the weight increased from 300 kg to 400 kg.
Pore Fluid Pressure
The temporal evolution of the pore fluid pressure showed a pattern (Figure 8 ) similar to that of the total normal stress. The peak also occurred later when the sensors were located upstream, midstream and downstream in the flume for a given mixture density and weight (Figure 8a ). The Figure 7 . Effect of mixture density (γ) and total weight (w) on the total normal stress at monitoring points S1 to S3 in Figure 1 : (a1,a2) hydrographs for mixtures with constant weight and density at the three monitoring points (whose positions are shown in Figure 1) ; (b1,b2) hydrographs for mixtures with different weights but constant density at the three monitoring points; and (c1,c2) hydrographs for mixtures with different densities but constant weight at the three monitoring points.
The temporal evolution of the pore fluid pressure showed a pattern (Figure 8 ) similar to that of the total normal stress. The peak also occurred later when the sensors were located upstream, midstream and downstream in the flume for a given mixture density and weight (Figure 8a ). The maximum values were mainly distributed downstream when the density was highest; however, they were located midstream when the density was 1.8 g/cm 3 or 1.9 g/cm 3 . The maximum peak was upstream when the mixture had a density <1.8 g/cm 3 . These results illustrate that the maximum values shift from the top of the flume to the bottom as the mixture density decreases (Figure 8a ). The peak became increasingly large as the mixture weight increased at a given density and measurement position, and the position of the peak occurred later in the flow (Figure 8b ). The magnitude of change changed greatly as the weight of the mixture increased from 200 kg to 500 kg. The magnitude of increase was largest when the mixture weight increased from 200 kg to 300 kg. For a given mixture weight and monitoring position, the peak occurred later as the mixture density decreased. The magnitude of the decrease was largest when the density increased from 1.65 g/cm 3 to 1.8 g/cm 3 . These results indicate that the pore fluid pressure changed greatly as the density changed (Figure 8c ). In addition, a low-density debris flow sustains high pore fluid pressure during the flow, thus increasing the mobility of the debris and increasing the likelihood that the debris will be liquefied [76] , and our results agree with previous experimental results [6] . However, for the high-density debris flow, we found reduced mobility of the debris and a reduced likelihood that the debris will liquefy. maximum values were mainly distributed downstream when the density was highest; however, they were located midstream when the density was 1.8 g/cm 3 or 1.9 g/cm 3 . The maximum peak was upstream when the mixture had a density <1.8 g/cm 3 . These results illustrate that the maximum values shift from the top of the flume to the bottom as the mixture density decreases (Figure 8a ). The peak became increasingly large as the mixture weight increased at a given density and measurement position, and the position of the peak occurred later in the flow (Figure 8b ). The magnitude of change changed greatly as the weight of the mixture increased from 200 kg to 500 kg. The magnitude of increase was largest when the mixture weight increased from 200 kg to 300 kg. For a given mixture weight and monitoring position, the peak occurred later as the mixture density decreased. The magnitude of the decrease was largest when the density increased from 1.65 g/cm 3 to 1.8 g/cm 3 . These results indicate that the pore fluid pressure changed greatly as the density changed (Figure 8c ). In addition, a low-density debris flow sustains high pore fluid pressure during the flow, thus increasing the mobility of the debris and increasing the likelihood that the debris will be liquefied [76] , and our results agree with previous experimental results [6] . However, for the high-density debris flow, The pore fluid pressure at each measurement point gradually decreased with increasing density for a given mixture weight. To simplify the discussion, we again chose the mean value for the three measurement points. The mean increased by approximately 2.5 to 6 times as the density decreased from 2.3 g/cm 3 to 1.4 g/cm 3 . The magnitude of the pore fluid pressure increased by 2 to 4 times with the density was high. However, when the density ranged from 1.8 g/cm 3 to 1.5 g/cm 3 , the pore fluid pressure increased by only approximately 1.5 times. For a given mixture density, the increase in pore fluid pressure at 500 kg was to approximately 6 times the value with a mixture weight of 200 kg.
Development of Predictive Functions Based on the Study Data
Our study provided data on the flow depth, total normal stress, and pore fluid pressure as a function of the mixture weight and density. Because of the many combinations of values for these parameters, understanding their relationships is difficult, making it difficult to apply our results to engineering design applications to prevent or mitigate debris flows. To make this task easier, we developed predictive functions by fitting of the experimental results using version 9.1 of the DataFit software (New York, NY, USA, http://www.oakdaleengr.com/) and version 2015a of the MATLAB software (Beijing, China, https://www.mathworks.com/). The resulting equations make it easier to understand the relationships among the kinematics parameters and account for them in engineering designs. Figure 9 presents the maximum flow depth as a function of the mixture weight and density, for which we found the best fits for exponential and linear relationships. Figure 10 shows linear relationships between the maximum flow velocity and the mixture weight and density. Figure 11 shows the relationship between the maximum total normal stress and the mixture weight and density, and Figure 12 shows the relationship between the maximum pore fluid pressure and the mixture weight and density. The functions for the pore fluid pressure and total normal stress a function of the mixture was linear, whereas those for the mixture density were logarithmic. The pore fluid pressure at each measurement point gradually decreased with increasing density for a given mixture weight. To simplify the discussion, we again chose the mean value for the three measurement points. The mean increased by approximately 2.5 to 6 times as the density decreased from 2.3 g/cm 3 to 1.4 g/cm 3 . The magnitude of the pore fluid pressure increased by 2 to 4 times with the density was high. However, when the density ranged from 1.8 g/cm 3 to 1.5 g/cm 3 , the pore fluid pressure increased by only approximately 1.5 times. For a given mixture density, the increase in pore fluid pressure at 500 kg was to approximately 6 times the value with a mixture weight of 200 kg.
Our study provided data on the flow depth, total normal stress, and pore fluid pressure as a function of the mixture weight and density. Because of the many combinations of values for these parameters, understanding their relationships is difficult, making it difficult to apply our results to engineering design applications to prevent or mitigate debris flows. To make this task easier, we developed predictive functions by fitting of the experimental results using version 9.1 of the DataFit software (New York, NY, USA, http://www.oakdaleengr.com/) and version 2015a of the MATLAB software (Beijing, China, https://www.mathworks.com/). The resulting equations make it easier to understand the relationships among the kinematics parameters and account for them in engineering designs. Figure 9 presents the maximum flow depth as a function of the mixture weight and density, for which we found the best fits for exponential and linear relationships. Figure 10 shows linear relationships between the maximum flow velocity and the mixture weight and density. Figure 11 shows the relationship between the maximum total normal stress and the mixture weight and density, and Figure 12 shows the relationship between the maximum pore fluid pressure and the mixture weight and density. The functions for the pore fluid pressure and total normal stress a function of the mixture was linear, whereas those for the mixture density were logarithmic. 
Parameterization of the Fitting Functions
Using the data in Figures 9-12 , we calculated regression equations for each of the relationships shown in those figures. We used the following equations:
where D is the maximum flow depth, S is the maximum total normal stress, V is the mean flow velocity, P is the maximum pore fluid pressure, γ is the density, and w is the mixture weight. The other variables are regression coefficients.
Parameterized Functions
We used 28 groups of experimental data (i.e., combinations of mixture weights and densities) to determine the coefficients of Equations (17)- (20) by means of least-squares regression. Tables 1-4 present these coefficients. Figures 13 and 14 show the resulting response surfaces for these functions. We used the adjusted coefficient of determination (R 2 ) to evaluate the fitting accuracy [77, 78] . The results were all excellent, with an adjusted R 2 value >0.93. Thus, our functions did a good job of explaining the variation in flow depth, flow velocity, total normal stress, and pore fluid pressure as a function of the mixture density and weight, which agrees with previous results [58, 67, 75] . Table 1 . Coefficients in Equation (17) for maximum flow depth. 
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Conclusions
We confirmed our study hypothesis that the four key parameters of debris flows that we studied (flow depth, flow velocity, total normal pressure, and pore fluid pressure) were strongly and significantly related to the weight and density of each debris flow mixture. Debris flows that involve loess material cause large amounts of damage in China and elsewhere in the world. Our results provide an improved understanding of the kinematics of the debris flow processes. The resulting parameterized equations can be used by engineers to develop improved structures to prevent or mitigate damage from these flows.
We found that the flow velocity decreases with increasing mixture density but that the maximum discharge at the accumulation plate increased with increasing density. We developed hydrographs for each combination of weight and density that revealed four stages in the flow regime. Understanding these patterns may provide additional insights into the development of effective flow-control structures. The flow depth increased with increasing mixture density, and the magnitude of the increase was greatest at the highest densities. The flow velocity decreased with increasing density for a given mixture weight. The impact pressure of a debris flow can now be predicted based on the flow depth and velocity. The magnitude of the total normal stress increased 
We found that the flow velocity decreases with increasing mixture density but that the maximum discharge at the accumulation plate increased with increasing density. We developed hydrographs for each combination of weight and density that revealed four stages in the flow regime. Understanding these patterns may provide additional insights into the development of effective flow-control structures. The flow depth increased with increasing mixture density, and the magnitude of the increase was greatest at the highest densities. The flow velocity decreased with increasing density for a given mixture weight. The impact pressure of a debris flow can now be predicted based on the flow depth and velocity. The magnitude of the total normal stress increased and the pore fluid pressure decreased with increasing mixture density. The magnitude of the increase in the total normal stress decreased with increasing density, whereas the opposite pattern existed for the pore fluid pressure. These results clearly demonstrate that the flow depth, flow velocity, total normal stress, and pore fluid pressure depended strongly on the mixture density and weight.
The parameterized equations we developed for the relationships among the parameters were highly accurate, and can therefore be used to generate predictions that will help engineers design more effective structures to prevent or mitigate debris flows.
There are several limitations to our study. We used only one slope angle for the flume. To account for real-world conditions, it will be necessary to repeat our study for a range of slope angles. In addition, our research apparatus included roughness elements in the accumulation plane, but did not account for the effects of uneven terrain or obstacles. It will therefore be necessary to develop a more realistic simulated terrain to analyze the effects of topographic variation on debris flows.
